Introduction
As one of the primary load-bearing tissues in diarthrodial joints, articular cartilage has been the object of a large number of theoretical and experimental studies to elucidate its material behavior and to provide tissue and molecular level mechanisms responsible for this behavior. The configuration most commonly used for articular cartilage testing has been confined compression, where a porous filter contacts the articular surface to impose displacements or forces ͓1,2͔. Confined compression is widely used; however, some technical issues regarding the porous interface ͓3͔ have encouraged the use of other configurations. One such alternative is unconfined compression, where a tissue disk is compressed between two smooth impermeable surfaces. This geometry has been widely used for the study of the biological effects of load ͓4͔; however, investigators have hesitated in applying it for mechanical analyses since the biphasic model provided a rather poor description of the material response in this case ͓5,6͔. Recently, however, incorporation into the biphasic model of anisotropy ͓7͔ or of a composite solid phase made up of fibrillar and nonfibrillar components ͓8͔, has resulted in a good agreement between theory and experiments.
One principle of cartilage mechanics which is gaining acceptance is the dominating aspect of relative fluid-solid motion, concomitant viscous drag and the resulting large contribution of fluid pressurization to measured tissue stiffness ͓1,9,10͔. Two consequences of this phenomenon, predicted by biphasic or poroelastic models, are: ͑1͒ that pressure gradients are proportional to the stiffness of the solid matrix in the direction of fluid flow, so that a stiffer solid phase can generate more fluid pressurization ͑see Eqs. ͑a͒ and ͑g͒ in Table 1 of Soulhat et al. ͓8͔ and Eqs. ͑19͒ and ͑24͒ in Armstrong et al. ͓5͔͒ ; and ͑2͒ that tissue dimensions determine a path length across which the fluid pressure falls from a maximum ͑center͒ to a minimum ͑edge͒ and so reducing this length beyond a critical value can reduce fluid pressurization and thereby measured stiffness. The first consequence is the main factor responsible for the success of anisotropic and composite models for unconfined compression where appropriate constitutive choices can stiffen the transient response without significantly affecting the equilibrium response. The latter consequence could be seen as a sine qua non for biphasic or poroelastic behavior, that is, a dependence of specimen dynamic stiffness ͑load normalized to area͒ on specimen dimension ͓11,12͔.
In addition to the complex behavior generated by the presence of fluid and solid phases, charged species in both phases, and a globally heterogeneous and anisotropic structure, tissue nonlinearities implying nonlinearities of constituents or of interactions between constituents are yet another aspect of cartilage mechanics requiring more investigation. In confined compression, equilibrium stiffness is constant up to ϳ20 percent compression ͓13͔ but can be nonlinear thereafter ͓14͔, while nonequilibrium tests including dynamic sinusoidal, ramp compression, and ramp release all displayed distinctly nonlinear characteristics ͓3͔. Recently, anisotropic stress distribution has been detected in confined compression ͓15͔. Very few data are available to determine when cartilage is linear versus nonlinear in unconfined compression, although a wealth of other information has been presented and discussed ͓5,6,12,16-18͔.
The motivation for the current study was to investigate the predictions and validity of a recently developed linear biphasic model containing a composite fibril-reinforced solid phase ͓8͔ and to provide fundamental information independent of these model predictions concerning nonlinear stress responses and the dimensional dependence of observed tissue stiffness in unconfined compression. The objectives of the study may be specifically classified as follows: ͑1͒ to ascertain the ability of the published model to describe the stress response to ramp compression and dynamic sinusoidal tests; ͑2͒ to investigate the extent of linear versus nonlinear stress responses to dynamic sinusoidal, ramp compression and ramp release tests; ͑3͒ to test a fundamental element of all biphasic models, that is their dependence on tissue dimension as a scaling factor for time and frequency. The results, taken in context with the work of previous investigators described above, support the view of the mixture models and the role of fluid pressurization, but suggest that fibril reinforcement and certain constituent nonlinearities need to be considered to understand tissue stress response under physiological loads.
Materials and Methods
Mechanical Testing. Full thickness articular cartilage disks were produced from the humeral head of 1-2-year-old steers by punching the central articular surface with a 6-mm-dia dermal biopsy punch and slicing along the cartilage/bone interface with a razor blade. Disks were stored at 4°C in a humidified chambre for at most 6 hours prior to testing; thus tested disks were fresh without having been frozen. Two groups of cartilage disks were tested. In the first group (Nϭ9) each disk was tested at one fixed diameter, either 2.8 mm (Nϭ6) or 1.7 mm (Nϭ3). Eight disks had mean thickness in the range 1.02-1.09 mm ͑measured with a current sensing micrometer͒ while one had a mean thickness of 1.70 mm ͑overall mean 1.08 mm, standard deviation 0.24 mm͒. Thickness variation within a disk was Ϯ25 m. In the second group (Nϭ5) each disk was tested in a sequence of decreasing diameters from 3.6 to 2.7 to 1.7 mm. For this group mean thickness varied from 0.87 to 1.25 mm ͑overall mean 1.06 mm, standard deviation 0.16 mm͒.
Mechanical behaviors of disks were tested using a commercial mechanical testing device for small materials ͑Mach1 from BioSyntech, Laval, Quebec, Canada͒. Each sample was compressed between two parallel polished stainless steel platens in uniaxial unconfined geometry in a testing chamber filled with PBS ͑0.15 M NaCl, pHϭ7.4͒. After achieving a contact tare load of 4-8 g, various ramp and sinusoidal displacements were applied to the sample while digitizing the load and position every 0.2 seconds. Initially, about twenty 5 m ramp displacements were applied with a velocity of 1 m/s. The exact number of ramps was chosen to produce a total strain of 10 percent. After each ramp application, stress relaxation was allowed to continue until the time rate of change of the load was smaller than 0.1 g/min, the criterion used to assess equilibrium. After the last ramp compression, the samples were maintained at the 10 percent compression offset and sinusoidal displacements of 5, 10, and 15 m ͑resulting incremental strains are 0.51, 1.03, and 1.54 percent using 0.972 mm as the average reference compressed thickness, at 10 percent offset compression͒ were applied in the frequency range 0.001-1.0 Hz for five of the 2.8 mm disks. The 1.7-mm-thick disk was not included in this analysis because its thickness was vastly different from that of the other disks. Discrete Fourier transforms of load and position data were used to obtain the dynamic stiffness. The fundamental component of load was normalized to original area and the fundamental component of position was normalized to current thickness ͑taking into account the 10 percent compression offset͒. By dividing these two numbers, the dynamic stiffness was obtained. Total harmonic distortion of load and position was calculated using seven harmonics. Finally, for the first group of disks tested at constant diameter, ramp compressions and releases were applied at the 10 percent offset compression. All ramps had a duration of 5 s, and amplitudes of 5, 10, and 15 m were applied. Equilibrium was attained before ramp application as described above. For data presentation, the equilibrium stress at the static offset compression was subtracted from the measured stress, which was then normalized to the stress increment at equilibrium ͑the change in stress between two successive equilibrium points͒ due to the ramp compression or release. For the second group of disks tested at different diameters, each disk was tested up to the end of the dynamic sinusoidal tests, after which disk diameter was reduced from 3.6 to 2.7 mm and the disk retested, and then disk diameter was further reduced to 1.7 mm for the last test sequence. Total test time per disk in the first group was ϳ4 hours, and for the second group was ϳ6 hours.
Comparison to Fibril-Reinforced Biphasic Model. The predictions of a nonhomogeneous composite biphasic model ͓8͔ were compared to experimental measurements. The model consists of the traditional biphasic description ͓5͔ reinforced with a fibril network that resists tension only. The parameters needed to describe cartilage in this model are those of the Armstrong model ͑however now describing the nonfibrillar part of the matrix͒ and one additional parameter, E f , describing the tensile stiffness of the reinforcing fibril network ͑its compressive stiffness is nil͒. The subscript ''m'' for matrix indicates elastic coefficients of the nonfibrillar component, E m , the Young's modulus, and m , the matrix Poisson's ratio. The hydraulic permeability is k. To implement this model in the current study, m is fixed at zero ͑as in Soulhat et al. ͓8͔; however this condition was relaxed in Li et al. ͓19͔ when incorporating nonlinear stiffening of the fibril network͒, which renders E m the equilibrium modulus in unconfined compression, and therefore directly found from the equilibrium load. The other two parameters were estimated by curve-fitting the system function after transformation of stress and strain ͑and after subtracting the equilibrium values present at the beginning of each ramp͒ to the Laplace domain ͓18͔ in the frequency range 0.0001-0.01 Hz using a least squares algorithm. Using this procedure for successive ramps in the 0-10 percent sequence, the variation of best fit model parameters with compression offset was found. Finally, the fibril reinforced model, as well as other noncomposite biphasic or poroelastic models ͑but not those including viscoelastic effects, i.e., poroviscoelastic͒ in unconfined compression, predicts that rescaling the frequency by multiplying by the diameter squared should produce identical dynamic stiffness for the same material tested at different diameters. For example, the isotropic model of Armstrong et al. ͓͑15͔, Eq. ͑19͒͒ scales time according to tϭH A k t /r 2 , while the composite model of Soulhat et al. ͓8͔ ͑Eq. ͑a͒, Table 1͒ uses a similar scaling factor with the aggregate modulus H A replaced by the transverse plane modulus S 11 . Thus for the same disk tested at three different diameters ͑3.6 mm, 2.7 mm, and 1.7 mm͒ frequencies were rescaled according to frequency ͑rescaled͒ ϭ frequency͑original͒ ϫ ͑diameter/3.6 mm͒ 2 , thus shifting stiffness curves to lower frequencies after cutting disks to smaller diameters. This frequency rescaling was carried out for the stiffness in the Laplace domain, after numerical transformation of stress relaxation to the real axis ͑see above͒, and after Fourier analysis of dynamic sinusoidal tests.
Results
Compression-offset-dependent stiffening of articular cartilage in unconfined compression was observed as an increasing ampli-
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Transactions of the ASME tude of the transient response to successive 5 m ramp compressions ͑example in Fig. 1͒ . The fitting procedure executed in the Laplace domain for each ramp response from each disk produced a reasonable description of temporal data ͑Fig. 2͒. In particular, the ratio of peak to equilibrium load ͑up to 15:1͒ was captured by the model with the fit parameters. The best fit parameters displayed certain tendencies as a function of compression offset ͑Fig. 3͒. The matrix modulus, found as simply the equilibrium modulus under the constraint that m ϭ0, was relatively constant not displaying any dependence on compression-offset present at the beginning of the ramp (pϭ0.85 when performing a Student's t test comparing the data at 1 and 9 percent compression offset͒. However, the increase in transient amplitude, which corresponds to a compression-offset-dependent stiffening of the tissue transient stiffness, was interpreted by the model as a significant increase in fibril network tensile stiffness ͑active in the radial direction only͒ accompanied by a significant decrease in permeability ͑Fig. 3͒. The dynamic stiffness of the tissue measured at a 10 percent compression offset decreased and the total harmonic distortion ͑THD͒ of the stress response increased with increasing sinusoidal amplitude ͑Fig. 4͒. A MANOVA procedure ͓21͔ performed with frequencies of 0.833 and 0.01 Hz showed that the differences with sinusoid amplitudes were statistically significant for dynamic stiffness amplitude (pϭ0.072) and phase (pϭ0.059) and for THD (pϭ0.034). Since the dynamic stiffness decreases when amplitude increases, this behavior is a weakening nonlinear response to sinusoidal displacements. The occurrence of liftoff ͑loss of contact between tissue sample and compressive platen͒ was determined when the load was reduced to zero during the release phase of the sine wave. Occasionally, a small liftoff was observed at frequencies higher than 0.1 Hz for the 15 m amplitude sinusoidal displacement only.
After normalization to the equilibrium stress increment, the stress-relaxation curves in compression and in release with amplitudes of 5, 10, and 15 m were compared. The normalized response to release was smaller than the normalized response to compression ͑Fig. 5͒. This difference between compression and release responses increased with strain amplitude and a Hoteling's T test with the data at time 5, 15, and 35 seconds revealed that those differences were also statistically significant (pϭ0.010, 0.015, and 0.021 for the 5, 10, and 15 m amplitudes, respectively͒. Furthermore, the amplitude of normalized release stress relaxation curves decreased significantly with increasing release displacement amplitude ͑Fig. 6͒. A MANOVA procedure with data taken at the times mentioned above revealed that there are weakly statistically significant differences between releases of different amplitudes (pϭ0.070) but not between compressions of different amplitudes (pϭ0.29). Building confidence intervals using a Bonferroni approach ͓21͔ showed that the observed differences were not caused by the data at a particular time but by the entire stress-relaxation curve. There was no liftoff present during ramp releases. Furthermore, the normalization factors ͑equilib-rium stress increment͒ used to obtain Figs. 5 and 6 demonstrated close to linear behavior ͑Table 1͒.
Cartilage behavior measured by dynamic sinusoids and ramp compression and predicted by the fibril-reinforced biphasic model were directly compared ͑Fig. 7͒. The stress response to ramp compression was transformed to the dynamic stiffness using a numerical procedure based on polynomial interpolation ͓20͔. The results of this transformation appeared in agreement with the dynamic stiffness obtained experimentally, except at higher frequencies ͑Fig. 7͒. However, a one-way MANOVA on the frequencies 0.001, 0.01, and 0.1 Hz showed that the magnitude of the stiffness functions could not be considered equal over the three frequencies (pϭ0.0014) but that their phase could be (pϭ0.42). Also, the model predictions found using the best fit parameters for the ramp response in the region 0.0001-0.01 Hz corresponded reasonably well to the experimental data at low frequency but diverged from the experimental measurements at higher frequencies ͑Ͼ0.01 Hz͒, in particular failing to capture the continually increasing stiffness as frequency is increased ͑Fig. 7͒. It is interesting to note that model agreement with stress relaxation data appears better in the time domain ͑Fig. 2͑B͒͒ than in the frequency domain ͑Fig. 7͒. The prediction of biphasic models pertaining to the dependence of tissue stiffness on disk radius was largely borne out by experimental measurements. When rescaling frequency for different diameters as described in Methods, and after normalizing all curves to E m of each particular disk, the stiffness functions found from ramp responses transformed to the Laplace domain ͑Fig. 8͒ and dynamic stiffness measured with sinusoidal displacements ͑Fig. 9͒ superposed fairly well. The normalization to E m was performed to reduce intersample variation before averaging curves obtained from different samples. There were slight disagreements in the shifted curves at higher frequencies for the 4 mm disk in the Laplace domain ͑Fig. 8͑B͒͒ and for the 2 mm disk in the Fourier domain ͑Fig. 9͑B͒͒. The normalization factors (E m , the equilibrium stiffness͒ for individual disks did not vary significantly with disk diameter ͑Table 2͒. A statistical analysis of the curves before and after frequency rescaling was performed using the MANOVA procedure and simultaneous confidence intervals building ͓21͔ using the data at frequencies of 10 Ϫ4 , 10 Ϫ3 , 10 Ϫ2 , and 10 Ϫ1 Hz for the stiffness on the real axis of the Laplace domain ͑Fig. 8͒ and 10 Ϫ2 , 10 Ϫ1.5 , 10 Ϫ1 , and 10 Ϫ0.5 for the dynamic stiffness ͑Fig. 9͒. Before rescaling of the frequency axis, the stiffness function in the Laplace domain and the amplitude and phase of the stiffness function in the Fourier domain were statistically different for different diameters ͑with p values from the MANOVA of 0.0021, 0.0027, and 0.082, respectively͒. Confidence interval building with the different frequencies revealed that the stiffness functions in the Laplace domain were most different at 10 Ϫ3 and 10 Ϫ2 Hz; however, no frequency could be isolated as a relatively more important cause of difference for the stiffness functions in the Fourier domain. After frequency rescaling, the stiffness functions in the Laplace domain and the amplitude and phase of the stiffness function in the Fourier domain became statistically indifferent ͑with p values of, respectively, 0.27, 0.53, and 0.40 using the previous statistical test͒.
Discussion
Articular cartilage material behavior was measured using ramp compression, ramp release, and dynamic sinusoidal displacements in unconfined compression to test three hypotheses: ͑1͒ that a fibril-reinforced biphasic model could describe the stress responses; ͑2͒ that some responses would be linear and others nonlinear; and ͑3͒ that disk radius affects tissue stiffness as predicted by biphasic models. The results of the study demonstrate: ͑1͒ the ability of the model to describe stress responses but with strain- dependent parameters; ͑2͒ a rich array of linear and nonlinear behavior clearly dependent on the type of displacement imposed; and ͑3͒ a reasonable confirmation of the prediction of biphasic models relating tissue dimension to tissue stiffness.
The fibril-reinforced biphasic model was able to predict the stress response to ramp compression when a sequence of smallamplitude ramps were sequentially applied to the cartilage disk in unconfined compression. The isotropic homogeneous biphasic model cannot describe the rather large stress relaxation transients where the ratio of peak to equilibrium load can be as high as 15 to 1, since the model is theoretically limited to a maximum ratio of 1.5 to 1 for the peak to equilibrium load ͓5,6͔. The reason for this difference between the two models is that fibril reinforcement is only effective in tension and thus only in the radial and not the axial direction. Stiffening the solid in the radial direction increases fluid pressurization, since that is the direction of fluid flow, while lack of stiffening in the axial direction ensures no stiffening of the equilibrium response ͑if the Poisson's ratio is zero͒, thereby dramatically increasing the peak to equilibrium load ratio. The same mechanism is behind the success of anisotropic models ͓7͔.
The role of friction at the cartilage/platen interfaces has received the attention of previous investigators. Spilker et al. ͓22͔ demonstrated that adhesion at the cartilage/platen interface increased peak loads and reduced relaxation time as observed experimentally ͓6͔. However, it was shown that the effect was only significant ͑compared to experiments͒ when the aspect ratio was much smaller than that used experimentally. Furthermore, Kim et al. ͓12͔ tested specimens of different aspect ratios and found that tissue stiffness actually increased with smaller diameters and therefore increased aspect ratio rather than decreased as would be predicted by the homogeneous isotropic model with adhesive cartilage/platen interfaces. These observations combined with those using several lubricants ͓5͔, the lack of adhesion seen microscopically ͓16,18͔, and the success of anisotropic and nonhomogeneous composite models would argue against friction as being predominant in determining the stress response in unconfined compression. The mechanical effects of friction are however related to those introduced by fibril-reinforcement and anisotropy since friction restricts lateral expansion. For example, full adhesion is identical to infinite lateral stiffness in the cartilage surface in contact with the platen. The success of the fibril-reinforced model would appear to suggest that rather than infinitely stiffening the surfaces only, the entire cartilage structure is stiffened in the radial direction undergoing tension.
Several interesting linear and nonlinear behaviors were observed. First, all equilibrium behavior was linear for the range of tests we used, up to 10 percent axial compression and 5-15 m displacements superimposed at the 10 percent offset. The only nonequilibrium behavior displaying linearity was small amplitude ramp compressions superimposed at the 10 percent offset ͑Fig. 6͑A͒͒. Three nonlinear behaviors were observed: ͑1͒ compressionoffset-dependent stiffening of the transient response ͑Fig. 1͒; ͑2͒ nonlinear weakening under dynamic sinusoids ͑Fig. 4͑A͒͒; and ͑3͒ nonlinear maintenance of compressive stress during release ͑Fig. 6͑B͒͒. These general linear and nonlinear characteristics were also seen in confined compression ͓3͔. Compression-offset dependent stiffening was interpreted by the fibril-reinforced biphasic model as strain-dependent fibril network stiffness and hydraulic permeability ͑Fig. 3͒. Increased transient load for later ramps in the sequence could be captured by increasing fibril network stiffness, providing that permeability decreased in order to maintain fairly constant relaxation times. These strain-dependent parameters could provide clues to the origin of the other two nonlinearities. The nonlinear maintenance of compressive stress to release refers to the observation that the transient response to release is less than proportional to release displacement ͑Fig. 6͑B͒͒ so that the compressive stress present at the 10 percent offset is maintained more than would be the case if the release transient were linear. The nonlinear weakening under dynamic sinusoids of increasing amplitude could be due to the same phenomenon since the sinusoidal displacement is a mixture of compression and release phases. It is possible that a nonlinear model incorporating strain-dependent parameters ͑i.e., as depicted in Fig. 3͒ could consistently describe all of these observed linear and nonlinear behaviors. The prediction of biphasic and poroelastic models that the dependence of tissue stiffness on tissue dimension can be accounted for by rescaling or shifting frequencies was reasonably confirmed by our data using ramp compressions ͑Fig. 8͒ and dynamic sinusoidal tests ͑Fig. 9͒. Although superposition was not perfect, we were not able to detect statistically significant differences after frequency shifting while these differences were clearly present before, in agreement with the work of previous investigators ͓12͔. The confirmation of this prediction of the models along with their compatibility with tissue recoil observed microscopically ͓18͔ and electrokinetic effects interpreted as fluid convection of mobile ions past the oppositely charged solid phase ͓2,12͔ strongly supports the material response mechanisms present in these fluid/ solid mixture theories. Further refinement of these types of model, guided by the results of detailed experimental investigation of material responses, could enhance understanding of tissue behavior and lead to diagnostic devices and therapeutic treatments for cartilage disease.
